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Passive acoustic monitoring, the recording and analysis of biological sound, is a standard 
method of research into the distribution and behavior of cetaceans worldwide. Acoustic 
monitoring is reliant upon a thorough reference catalog of species vocalizations and an 
understanding of the temporal and geographic parameters in which vocalizations occur. 
This study combined a standard cetacean passive acoustic monitoring survey with a 
concurrent visual survey at a known baleen whale summer feeding ground to determine 
the annual species and vocal composition, compare species detection rates using each 
method, and identify and attribute novel vocalizations to species. The survey took place 
at the Mount Desert Rock marine research station, Gulf of Maine, from July to October 
2015 and 2016. Visual and acoustic detections of fin (Balaenoptera physalus), minke 
(Balaenoptera acutorostrata), humpback (Megaptera Noavaeangliae), right (Eubalaena 
glacialis), and sei (Balaenoptera borealis) whales were assessed. Minke whales were the 
most frequently seen species (71% of days), followed by fin (51%), humpback (40%), 
and right (4%). Visual detections of minke and fin whales were more restricted by 
distance than humpbacks, and fin and humpbacks were sighted significantly more 
frequently in the northeast quadrant of the survey space, suggesting each species may 
have fine scale spatial preferences within the survey space. Stereotyped vocalizations of 
fin, minke, right, and sei whales were recorded, and automatic template detectors were 
used to evaluate daily and annual occurrence. Fin whales were the most frequently 
detected (31% of days), followed by minke (22%), right (15%), and sei (2%). Fin and 
minke whales vocalized primarily in evening and night-time hours, and right whales 
vocalized primarily during the day. Instances of multi-hour vocalization bouts were also 
recorded for fin, minke, and right whales. The number of days where each species was 
detected both visually and acoustically was low, meaning the use of only one method or 
the other may have resulted in a less precise census. 
Five novel vocalizations were identified in the acoustic dataset that occurred on days 
when only fin or minke whales were visually detected. These were 74 to 34-Hz suspected 
fin whale downsweeps, 268 to 448-Hz short upsweeps, 415-Hz “whip-cracks”, 498 to 
363-Hz long downsweeps, and 257 to 164-Hz long downsweeps. The 74 to 34-Hz 
downsweep was found to be statistically associated with fin whales (p = 0.040, Φ = 
0.129), while all other statistical tests were inconclusive. Spatial comparisons between all 
visually detected fin and minke whales and all locations of novel vocalizations from the 
study period showed very little spatial overlap, a potential complication to the statistical 
results. Potential violations of statistical assumptions included non-vocalizing whales, 
whales vocalizing outside of the observation range, and vocalizations that occurred at 
night.  
 The findings of this study suggest that while visual and acoustic surveys are both 
effective stand-alone techniques for detecting the presence and behavior of baleen 
whales, a more precise census is achieved when the two are combined. Concurrent visual 
and acoustic surveys are also an effective method for the identification and attribution of 
novel baleen whale vocalizations, though species composition, detection probability, and 
vocalization behavior must be accounted for. 
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CHAPTER 1: 
VISUAL AND ACOUSTIC DETECTIONS OF BALEEN WHALES IN THE VICINITY 
OF MOUNT DESERT ROCK 
 
Abstract 
The presence of baleen whales in the waters east of Mount Desert Rock was documented 
utilizing both visual and passive acoustic survey from July to October 2015 and 2016. 
Concurrent surveys detected the occurrence of fin, minke, humpback, right, and sei whales over 
the course of the two field seasons. Between 2015 and 2016 there was an increase in visual 
detections of fin, humpback, and minke whales in the survey space. Probability of detection was 
significantly different for minke, fin, and humpbacks, and visual detections of fin and humpback 
whales were significantly higher (Chi-square, p < 0.0001) in the northeast survey section relative 
to the southeast. Using a five-element passive acoustic array the stereotyped vocalizations of fin, 
humpback, minke, right, and sei whales were logged using automatic template detectors. Hourly 
acoustic data showed that fin and minke whales typically vocalized in the evening and overnight 
hours and right whales vocalized most often during daylight hours. Each of these species was 
also found to produce multi-hour calling bouts during the latter part of the study seasons. A 
comparison of daily acoustic and visual detections for all species revealed that the percentages of 
days where both detection types occurred for each species was generally low, indicating that 
these methodologies are highly complementary to one another when determining baleen whale 
presence and behavior, and that using one method or the other would have resulted in a less 
precise census.  
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Introduction 
Mysticetes (mysteceti), the baleen whales, make up one of two parvorder of the cetaceans 
(cetacea), the infra-order of finned marine mammals. Currently they form four families, fourteen 
species, and eighteen sub-species worldwide, though ongoing genetic studies will likely increase 
these numbers (Corkeron et al. 2017, Mead et al. 2005). Baleen whales are found in all of the 
world’s oceans but many species prefer temperate and high latitudes (Macleod 2009). In the Gulf 
of Maine (GOM), a marginal shelf sea in the western North Atlantic Ocean, there are five 
seasonally resident populations of baleen whale species. They are the fin whale (Balaenoptera 
physalus), humpback whale (Megaptera novaeangliae), minke whale (Balaenoptera 
acutorostrata), North Atlantic right whale (Eubalaena glacialis), and sei whale (Balaenoptera 
borealis) (Katona et al. 1983, Waring et al. 2015, Schilling et al. 1992). Generally, these species 
inhabit vast spatial ranges with seasonal migrations across ocean basins from low-latitude winter 
calving and mating grounds to high latitude summer feeding grounds (Kellogg 1929, Norris 
1967, Robbins et al. 2011). Baleen whales are distinguished most prominently from their 
counterpart cetaceans, the odontocetes (toothed whales), by the plates of baleen (modified teeth) 
that act as a filter for capturing prey. There are also distinctions between these groups based on 
their sound –producing mechanisms (Nummela et al. 2007), the characteristics of the sounds 
they produce (Mellinger et al. 2007) and their social structures (Gero et al. 2016).  
A common approach to distribution, density, and population studies of baleen whales is 
the use of systematic visual surveys. These types of surveys are commonly used by management 
organizations such as the National Marine Fisheries Service (NMFS), environmental consulting 
groups, and academic institutions for stock management and research (Van Parijs et al. 2009). 
Such surveys are conducted via ship, airplane, or from a fixed station on shore. For such surveys, 
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observers keep a systematic watch, marking positions of animal sightings, behavior, and 
associations (Palka 2012). However, due to large habitat ranges, inherent weather constraints 
presented by the ocean, and elusive behavior, large baleen whales are generally difficult to study 
(Nowacek et al. 2016, Mellinger and Barlow 2003). Research requires lengthy, multi-year broad-
scale surveys (Palka 2012) or the identification and tracking of individual animals (Mann 1999), 
often resulting in low sample sizes. Due to these difficulties researchers are increasingly turning 
to remote sensing as a viable option for the study of baleen whales (Gillespie 2001). A popular 
and technologically advanced type of remote sensing often used to study these species is passive 
acoustic monitoring (PAM). Passive acoustic monitoring is a broad field of academic study that 
encompasses the recording and analysis of sound produced by animals. This method has been 
applied widely in both terrestrial and marine habitats, in native and controlled environments, and 
to study a great array of species (Blumstein et al. 2011). This method is particularly useful for 
the study of whales where animals are often found in remote areas amongst ever changing 
environmental conditions. There are also several drawbacks of using acoustic monitoring to 
survey cetaceans. The ability to detect individuals relies on them making sound, something that 
is variable by species and by season, time of day, and gender (Stafford et al. 2008, Oleson et al. 
2014). These variables affect the ability to detect number of animals present, making abundance 
estimates difficult. Species detection is also incumbent on recognizing acoustic signals in a 
dataset as being produced by a given species, something that for most species is not yet fully 
understood. Researchers are now seeing the benefit of combining acoustic and visual surveys 
simultaneously to maximize survey effectiveness (Fleming et al. 2018, Moore et al. 2010, 
Barlow and Taylor, 2005).  
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 Baleen whales produce sounds at comparatively low frequencies (~7-Hz – 22 kHz) 
relative to odontocetes (~75-Hz – 150 kHz) (Mellinger et al. 2007). These sounds are 
stereotyped by species based on frequency, duration, amplitude, and patterning. These 
vocalizations are species-specific with some intra-species variation in call structure, or pattern, 
based on stock structure, geography, or season (Stafford et al. 2007, Thompson et al. 1992, Clark 
et al. 2002, Payne and Guinee 1983). The use of sound by males as a reproductive display, or 
whale song, is a well-studied area of cetacean research for species such as humpback, fin, and 
bowhead whales (Stafford et al. 2008, Janik 2009, Watkins et al. 1987, Payne and McVay 1971). 
Whale vocalizations are also detected frequently on feeding grounds, though the implications of 
these sounds are less well understood (Risch et al. 2014, Stanistreet et al. 2013, Wiley et al. 
2001, Delarue et al. 2009, Parks 2003, Cerchio 2001) 
For this project a simultaneous systematic visual and acoustic survey was conducted at a 
known summer feeding site of several baleen whale species. The survey was used to catalog the 
presence of baleen whales using both methods and to compare the efficiency of both methods. 
The study focused on hourly sightings per unit effort, detection probabilities, directionality of 
visually detected whales, and the hourly detections per unit effort, diel patterning, and behavioral 
characteristics of vocalizing whales. The study also included an analysis of how each survey 
method overlapped. 
Methods 
Visual Survey 
Visual surveys for baleen whales were conducted from the Mount Desert Rock (MDR) marine 
research station (Figure 1-1) from July to October of 2015 and 2016. Survey protocols were 
based upon methodology utilized for the Atlantic Marine Assessment Program for Protected 
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Species (AMAPPS) shipboard marine mammal surveys adapted for the MDR fixed-station 
platform (Palka 2012). All observer personnel were professionally trained in marine mammal 
identification. Whale sightings were recorded during daylight hours (~0600-1900 EST) and 
when weather conditions allowed*. The primary survey was focused on an area roughly 7.5  
 
Figure 1-1. Map of the Mount Desert Rock (MDR) Marine Research Station, situated in the Gulf 
of Maine, USA. MDR is a 3.5-acre island with a lighthouse station owned and operated by the 
College of the Atlantic (Bar Harbor, Maine). The MDR station has been used as a whale research 
facility since the early 1970’s. 
                                                
* Observers also recorded presence of dolphin species and large fish (shark and tuna species) 
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Figure 1-2. Diagram of the survey space relative to the Mount Desert Rock marine research 
station. Two observers (left and right) simultaneously recorded the sightings of baleen whales in 
each respective quadrant (northeast and southeast) using big eyes binoculars. Concurrent passive 
acoustic monitoring was collected an array of underwater recorders (circles).  
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square kilometers centered due east of MDR where historic survey data suggest the highest 
seasonal cetacean activity occurs relative to the island (Figure 1-2). Observations were 
conducted by continuous scanning with two sets of “big-eyes” 25×150 Fujinon binoculars 
(Moore et al. 2002, Palka 2012) mounted on the east side of the lower catwalk of the lighthouse 
tower. The “big-eyes” lenses were 21.6 m above mean sea level resulting in a maximum viewing 
range to the horizon of 16.6 km. A typical daily survey included a three-observer rotation of 30-
minute shifts at one of three stations during daylight hours. These stations were left observer, 
data recorder (center), and right observer. Each observer rotated through each station and then 
took a break. Center data recorder also surveyed the near-field opportunistically with binoculars. 
Data were recorded using VisSurvey software (Palka 2012) running on a Panasonic Toughbook 
laptop. 
To calculate locations for visual detections, VisSurvey used the height and location of the 
survey platform (lighthouse tower), the sighting elevation below the horizon using reticles 
(marked on big eyes lenses), and the sighting bearing angle relative to 0° true north. The big eyes 
were calibrated to true north using a Trimble GPS. Each observer was responsible for a searching 
a 100° swath of ocean. Left observer would scan from 0° (true north) to 100° (just south of east), 
and the right observer would scan from 180° (due south) to 80° (just north of east). The 
observers overlapped in the easterly direction by 20° as a precautionary measure to not miss 
sightings at the end of their respective scanning ranges. For large whales, each sighting of an 
individual, or group of individuals if in the same location, was recorded as a single entry. The 
primary sighting was recorded as an “original” sighting and any subsequent sightings of the same 
individual were recorded as a “follow-on” sighting. Observers would not record a “follow-on” to 
a sighting initiated by a different observer. Effort and weather data (sea state, cloud cover, rain, 
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fog, glare) were also collected at the beginning of each observer shift (every 30 minutes) by the 
center data recorder. 
Visual data were assessed for species presence, for detection probability based on 
distance relative to the survey platform, and for directionality relative to the survey platform. 
Daily presence and daily sightings per unit effort (SPUE) were calculated based on number of 
sightings per species, per hour of effort, per day. Detection probabilities were determined for 
each species based on distance in meters of all sightings and calculated using the ‘ds’ function in 
the ‘Distance’ package in R, with distances truncated to 10 km.  Directionality of visual 
detections was plotted using the ‘circular’ function in the package ‘Circular’ in R. This function 
stacks visual detections based on angle of detection relative to true north. The angle data were 
then assessed using a chi-square analysis to determine if the number visual detections of each 
species were dependent upon the northeast or southeast quadrant. 
 
Passive Acoustic Survey 
Five passive acoustic recorders were deployed 5.5 km apart in an array centered due east of the 
MDR lighthouse platform from July 19 – October 9, 2015 and July 13 – October 5, 2016 (Figure 
2). The recorders utilized were Marine Autonomous Recording Units (MARUs), developed by 
the Bioacoustics Research Program at Cornell University (BRP) and leased from BRP by the 
NOAA Northeast Fisheries Science Center (NEFSC). The MARU recorder system featured an 
HTI 94-SSQ hydrophone, -168 dB re: 1 V/ 1 µPa sensitivity, 23.5 dB gain, and a 12-bit A/D 
converter (Calupca et al. 2000). Each MARU unit was programmed to record continuous 
acoustic data to flash memory at an 8 kHz sampling rate. The MARU recordings were time 
synchronized on land pre- and post-deployment by producing in-air acoustic impulsive sound at 
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known GPS times that each buoy would record simultaneously. Finalized data recordings were 
synchronized to ±1 ms and merged together to produce a multi-channel acoustic file.  
To find baleen whale calls in the dataset the acoustic browsing software Raven 2.0 was 
used (Bioacoustics Research Program 2017). Raven allows for manual browsing, template 
detection, and localization of biological sounds in acoustic data sets. The visual dataset was used 
as a cue to access recordings of each baleen whale species. Acoustic data from days with the 
highest number of visual detections of fin and minke whale were manually browsed for the 
presence of each species’ recognizable stereotyped calls. A catalog of stereotypical calls was 
built and used to automate a process to assess whale acoustic presence in the entire dataset. This 
catalog was based on the acoustic repertoires described for these species in the western North 
Atlantic Ocean, and included fin whale 20-Hz pulses and higher frequency downsweeps (78 to 
34-Hz) (Watkins et al. 1987, Watkins et al. 1982), North Atlantic minke whale pulse trains 
(Risch et al. 2014), right whales 100 to 300-Hz up-calls (Parks 2003, Clark 1982), and sei whale 
82 to 34-Hz downsweeps (Baumgartner et al. 2008) (Figure 1-3). Humpback whales were 
excluded from this analysis due to the variability in their vocal repertoire that made reliable 
detection difficult. Elements of these vocalizations were used for the automatic detection of each 
species using the native template detector function within Raven 2.0.  
Template detectors were built by selecting stereotyped vocalizations, or sections of 
stereotyped vocalizations for each species that were found within the MDR acoustic dataset. 
Using measurements of amplitude within certain frequency band measurements of these 
selections, with a sensitivity threshold that is set by the user, the template detector matched 
sound selections within the dataset that were logged for further review. The template detector 
allowed the user to manually “tune” the sensitivity of the detector. The sensitivity of template 
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Figure 1-3. Spectrogram images of the stereotyped vocalizations of four species of baleen whales 
recorded during the survey and used for building automatic detectors. These vocalizations are 
well-known call types from the western North Atlantic and were each recorded at the Mount 
Desert Rock site. Two stereotyped vocalizations were utilized for detecting fin whales – standard 
20-Hz pulses 74 to 34-Hz downsweeps. Also included were minke whale pulse trains, right 
whale 100 to 300-Hz up-calls, and sei whale  82 to 34-Hz downsweeps.  
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detectors built for each species were customized to account for the characteristics of each 
vocalization type in order to minimize false detections and maximize true detections. This was 
done by running each template detector across a dataset containing a series of the same category 
of known vocalization types and documenting the rate of false-positive detections. For fin and 
minke whales that typically produce series of pulses, the detector was presumed effective at a 
50% capture rate, as there are typically multiple examples of each vocalization produced at a 
time, so the probability of capture is higher. For the more rare right whale and sei whales that 
typically produce less frequent, longer sweeping vocalizations, where the probability of capture 
is lower, the detector was presumed effective at 80% capture rate. After tuning each detector to 
achieve the capture rate goal within the test data set they were utilized for to search the full MDR 
dataset.  
All automatically detected sounds were confirmed or rejected by an analyst, ensuring all 
data used for further review were true vocalization events. The number of acoustically detected 
fin, sei, and right whales were binned daily and reported as number of detections per day per unit 
effort (DPUE). This was determined by dividing the number of detections per day by the number 
of hours of effort (24 hrs). All detections for each species from the 2015 and 2016 study period 
were also binned per hour of day and plotted using 24-hour radar plots to document each 
vocalizations diel pattern. The presence of calling bouts, or instances where an individual animal 
produced multiple vocalizations events for an extended period of time (> 1 hr), were also 
reported. Finally, daily visual and acoustic detections of fin, minke, and right whales were 
compared to evaluate the efficiency of each survey method. Data were compared daily, for each 
of the 2 years, and across the full survey period, and reported as days when a species was 
detected only acoustically, only visually, or by both methods. 
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Results 
Visual Survey 
There were 56 days (501 hrs) of visual observer effort in 2015 and 60 days (627 hrs) of observer 
effort in 2016, for a total of 116 days (1,128 hrs) of visual surveys throughout the study. There 
were four baleen whale species sighted during this project; fin whale (in 2015 n=358, days = 15; 
in 2016 n=673, days=45; Total n=1,031; days=59), minke whale (in 2015 n=120, days=36; in 
2016 n=791, days=46; Total n=911, days=82), humpback whale (in 2015 n=77, days=12; in 
2016 n=604, days=35, Total n=681; days=46), and right whale (in 2015 n=10, days=2; in 2016 
n=9, days=3; Total n=19; days=5). This translates to minke whales being sighted on 71% of 
survey days, fin whales sighted on 51% of days, humpback whales on 40% of days, and right 
whales 4% of days through the project period (Figures 1-4, 1-5).  
Histograms were plotted with a probability of detection curve based on the distances of 
all visual detections of fin, humpback, and minke whales throughout the project period (Figure 1-
6). Minke whales had the lowest median distance (1414m), followed by fin whales (2964m), 
with humpback whales having the highest (4123m). Minke and fin whales had similar 
probability curves, with a steep decline in the probability of visual detections with distance, 
while humpback whales showed a more gradual decline in the probability of visual detections 
over distance (Figure 1-6, panel a). This affect is also shown in the boxplot data (Figure 1-6, 
panel b), where the difference between 1st and 3rd quartile distances and whiskers are greater for 
humpback than for fin and minke, which are similar. All species showed an initial increase in 
detections as distance increased before cresting and falling off again. Finally, 1st quartile, 
median, and 3rd quartile distances were plotted over the acoustic array space (Figure 1-6, panel 
c). 
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Circular plots were generated based on the angles of all visual detections from the survey 
platform relative to true north for fin, humpback, and minke whale. Each species was sighted 
more frequently in the northeast quadrant compared to the southeast quadrant. To determine if 
this result was statistically significant a chi-square test based on two-way contingency table was 
run for each species. This test compared the number of visual detections that occurred in each 
quadrant with the number of hours of observer effort per quadrant. For this calculation the 
number of hours of observer effort was the same for each quadrant and for each species 
(n=1128), as each quadrant was always surveyed simultaneously and for all species for all hours 
of effort. This analysis revealed that fin whales (chi-square statistic = 136.082, p < 0.00001), and 
humpback whales (chi-square statistic = 19.4366, p < 0.00001) were detected significantly more 
frequently in the northeast quadrant compared with the southeast. Results for minke whales (chi-
square statistic = 0.181, p < 0.67) were not significant. 
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Figure 1-4. Daily visual detections and sightings per unit effort (SPUE) of fin, minke, humpback, 
and right whales for the 2015 study period. For each species the number of visual detections, 
number of days of detection, and number of hours of detection are reported. The percentage of 
days of visual detections that occurred for each species relative to all days of visual effort are 
reported on the right side of the panel.  
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Figure 1-5. Daily visual detections and sightings per unit effort (SPUE) of fin, minke, humpback, 
and right whales for the 2016 study period. For each species the number of visual detections, 
number of days of detection, and number of hours of detection are reported. The percentage of 
days of visual detections that occurred for each species relative to all days of visual effort are 
reported on the right side of the panel, as well as the percent change in days of detections from 
the 2015.  
 16 
 
 
Figure 1-6. Detection probabilities based on distance for fin, humpback, and minke whales for 
the combined 2015 and 2016 study periods. Panel (a) shows the detection probabilities at 
distance for each species out to 10 km and associated probability curve. Panel (b) boxplot shows 
the 1st quartile, median, 3rd quartile, and whiskers (minimum and maximum value) based on 
detection probability distances for each species (outliers not shown). Panel (c) shows the 1st 
quartile, median, and 3rd quartile detection probability distances, plotted as a radius from the 
survey platform extending into the 5-element MARU array. 
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Figure 1-7. Circular plots based on stacked number of visual detections per angle relative to the 
survey platform for fin, humpback, and minke whales for the combined 2015 and 2016 study 
period. Number of detections were binned per quadrant (northeast & southeast) and statistically 
compared using a chi-square test of two-way contingency tables (p ≤ 0.05). This analysis 
revealed that fin and humpback whales were detected significantly more frequently in the 
northeast quadrant than in the southeast. 
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Passive Acoustic Survey 
In 2015, 82 days of audio were recorded (1,968 hrs), and in 2016, 84 days of audio were 
recorded (2,016 hrs), for a total of 166 days (3,984 hrs) of passive acoustic data. Stereotyped 
vocalizations for fin, minke, right, and sei whales were found within the data set and used to 
build automatic template detectors. Humpback whale vocalizations were present within this data 
set but were excluded from this analysis due to the extensive variability of their vocal repertoire 
that made automatic detection difficult. These detectors were run across the 2015 and 2016 
acoustic data sets. In 2015 fin whales were detected on more days than any other species (23 
days) and most frequently by the presence of 74 to 34-Hz downsweeps (21 days). Fin whale 20-
Hz pulses were detected on only 4 days. Right whales, only visually detected on two days, were 
acoustically detected on 15 days. Sei whales, a species never visually detected, were detected 
acoustically on one day. Minke whales were frequently visually detected in 2015 (32 days) but 
were only detected acoustically on 4 days. Fin and minke whales both showed a dramatic 
increase in acoustic detections from 2015 to 2016. Fin whale 20-Hz pulses showed the most 
increase in overall detections due to the presence of multiple calling bouts, where the 20-Hz 
pulse is repeated every ~ 10s for multiple hours, though the 20-Hz pulse was also present on 
16% more days in 2016 than in 2015. The only species that showed a reduction in both number 
of overall detections (-41%) and number of days detected (-16%) were right whales. The number 
of days fin whales were acoustically detected decreased in 2016 (-8%) even though visual 
detections were up 48%. Sei whales were again acoustically detected on one day and never 
detected visually. For the combined 2015 and 2016 study period detector results found fin whale 
20-Hz pulses (n = 6,651) on 22 days (19%) and downsweeps (n=911) on 36 days (31%). On 14 
days (12%) both fin whale vocalization types were found. Minke whale pulse trains (n=448) 
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occurred on 25 days (22%), and right whale 100 to 300-Hz up-calls (n=118) were found on 17 
days (15%). Sei whale 80 to 30-Hz downsweeps (n=5) occurred on two days (2%). 
 Fin whale 20-Hz pulse and 74 to 32-Hz downsweeps were produced much more 
frequently during overnight hours (20:00 – 06:00), with a small increase in the morning (08:00 – 
11:00) (Figure 1-10). Almost no fin calls occurred from 11:00 – 20:00. Minke whale pulse trains 
were produced in the evening, beginning at 19:00 and ceasing after 23:00. Right whale up-calls 
were typically produced during the day and evening (10:00 – 21:00), with a peak at 19:00, and 
virtually none at night (Figure 1-10). Sei whales were excluded from this analysis as only five 
vocalizations were captured through the project period. 
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Figure 1-8. Daily acoustic detections and detections per unit effort (DPUE) of fin, minke, 
humpback, and right whales for the 2015 study period. For each species the number of acoustic 
detections, number of days of detection, and number of hours of detection are reported. The 
percentage of days of acoustic detections that occurred for each species relative to all days of 
visual effort are reported on the right side of the panel. Two graphs are present for fin whales 
representing both the 20-Hz pulse detections and 74 to 34-Hz downsweep detections. Sei whales 
were detected acoustically on one day though never detected visually. 
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Figure 1-9. Daily acoustic detections and detections per unit effort (DPUE) of fin, minke, 
humpback, and right whales for the 2016 study period. For each species the number of acoustic 
detections, number of days of detection, and number of hours of detection are reported. The 
percentage of days of acoustic detections that occurred for each species relative to all days of 
visual effort are reported on the right side of the panel, as well as the percent change in days of 
detections from the previous year. Two graphs are present for fin whales representing both the 
20-Hz pulse detections and 74 to 34-Hz downsweep detections. Sei whales were detected 
acoustically on one day though never detected visually. 
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Figure 1-10. Twenty-four hour radar plots showing the diel patterning of vocalization activity for 
fin, minke, and right whales for the combined 2015 and 2016 study periods. Fin and minke 
whales vocalizations were detected primarily during evening and overnight hours, while right 
whale vocalizations were detected primarily during daylight hours. Sei whales were excluded 
from this analysis as only five vocalizations were captured.  
 23 
Results of the detector data also revealed instances of calling bouts for fin, minke, and right 
whales. Calling bouts were defined as a seriees of patterned or semi-patterned stereotyped 
vocalizations produced by an individual for an extended period of time, typically > 1 hour 
(Rekdahl et al. 2015). Fin whale bouts occurred as a series of 20-Hz pulses produced with 
regular inter-pulse intervals (IPI) (~ 10s), for up to 12 or 15 minutes, with rests lasting 1 or 2 
minutes, repeated for an hour or more (Figure 1-11). There were nine fin whale bouts found in 
this data set. Minke whale bouts occurred as a series of pulse train calls of variable types, 
without consistent pattern, with rests between (Figure 1-12). There were two minke whale bouts 
identified in this dataset. There were also two right whale bouts that occurred, one in 2015 and 
one in 2016. The 2015 right whale bout was comprised mostly of a series of up-calls while the 
2016 bout was more varied, starting with up-calls, progressing to a mixture of moans and 
screams and gunshots, moving to predominantly gunshots (Figure 1-13). None of these call bout 
analyses included an assessment of the number of calling animals, which would have required a 
time-consuming location analysis. 
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Figure 1-11. Continuous spectrogram example of a fin whale calling bout. Time (s) is 
represented on the x-axis and frequency (Hz) on the y-axis. Each line (1 to 6) is a continuation in 
the acoustic data from the previous line. Fin whale calling bouts occurred as a series of 20-Hz 
pulses produced with regular inter-pulse intervals (IPI) (~ 10s), for up to 12 or 15 minutes, with 
rests lasting 1 or 2 minutes, repeated for an hour or more. 
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Figure 1-12. Continuous spectrogram example of a minke whale calling bout. Time (s) is 
represented on the x-axis and frequency (Hz) on the y-axis. Each line (1 to 10) is a continuation 
in the acoustic data from the previous line. Minke whale bouts occurred as a series of pulse train 
calls of variable types separated by rests but without consistent pattern. There are likely at least 
two calling individuals represented in this spectrogram. 
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Figure 1-13. Continuous spectrogram example of a right whale calling bout. Time (s) is 
represented on the x-axis and frequency (Hz) on the y-axis. Each line (1 to 25) is a continuation 
in the acoustic data from the previous line. This bout occurred in 2016 and began with a series of 
up-calls, progressing to a mixture of moans and screams and gunshots, and finishing with 
predominantly gunshots.   
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Daily visual and acoustic detections of fin, minke, and right whales were compared to 
determine the effectiveness of each survey method. Data were reported for each day that a 
species was detected only acoustically, only visually, or by both methods (Figure 1-14). The 
number of days where fin whales were detected only visually (n=34) was similar as only 
acoustically (n=28), which differed from minke whales which were detected only visually (n=69) 
much more often than only acoustically (n=12), and right whales which were detected only 
visually (n=4) quite less often than only acoustically (n=16). As previously mentioned, sei 
whales were detected on days only acoustically (n=2) through the 2015 and 2016 study period. 
Finally, results show that the percentage of days where species were detected using both visual 
and acoustic methods, out of all days that a species was detected, was relatively low overall 
(fin=20%, minke=14%, right=5%). 
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Figure 1-14. Comparison of daily detections of fin, minke, right, and sei whale by survey 
technique. Green boxes show days where a species was detected either only visually or 
acoustically, and red boxes show days where species were detected both visually and 
acoustically. Data are summarized per species in the “total” boxes.   
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Discussion 
Both passive acoustic monitoring and visual survey were effective practices for detecting the 
presence of baleen whales in this study. Visual methods were more effective at detecting the the 
common visitors to the study area (fin, humpback, minke), whereas acoustic methods better 
detected species rarely or never seen (right, sei). Perhaps most interesting is the relatively low 
number of days of overlap when species were detected both acoustically and visually compared 
to days where species were detected only visually or only acoustically. For example, fin whales 
were detected only visually on 34 days, only acoustically on 28 days, and via both methods on 
15 days, meaning that if this survey was conducted using one method or the other only, over one-
third of fin whale detections would have been missed.  
This study would further benefit from a spatial analysis of vocalizations to determine if 
the whales that were detected only acoustically were outside the visual survey space, which 
would account for the low numbers of co-occurring visual and acoustic detections. Locations of 
vocalizing whales can be done by triangulating vocalizations using the multi-buoy acoustic array 
and calculating time delay of arrival (TDOA) differences (Walker 1963, Patterson and Hamilton 
1964; Clark et al. 1996, Stanistreet et al. 2013). If whales typically vocalize outside of the visual 
survey space at MDR, it could indicate that vocal behavior is dissociated from the activity within 
the survey space, presumed to be feeding (Stevick et al. 2008). One other possibility is that the 
stereotyped vocalizations used in this study to acoustically detect each species are not the type of 
vocalizations that these species use when inside the survey space, and there are other 
undocumented vocalizations occurring that were not accounted for in this study. Further 
investigation of this dataset should include an analysis to determine if novel vocalizations are 
present, as well as a comparison with the confirmed presence of visually detected species. 
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Histograms of visual detection data and associated detection probability curves show that 
the ranges of distances at which each baleen whale species were sighted agree with expected 
distance sampling theory, which states that detections should be low close to the survey station 
where there is a small survey swath, increase steadily as survey swath area increases, and finally 
drop steadily as animals become more difficult to detect with distance (Buckland et al. 2007). 
However, there were differences in the detection probability curves for each species. These 
differences are likely due to a combination of each species physical characteristics, behavior, and 
groups size, but could also be due to spatial preferences. A minke whale is likely more difficult 
to detect than a humpback whale because it is a much smaller species, typically has no 
discernable blow, and often spends little time at the surface, whereas a humpback whale is larger, 
has a distinctive blow, and often spends long periods at the surface displaying charismatic 
behavior (Katona et al. 1983). Fin whale behavior is more similar to that of a minke than a 
humpback, however they are much larger and have a very tall, discernable blow. This would 
explain why fin and minke whales have similar detection curve profiles, but fin whales were 
detected at greater distances. It has also been shown that sightings of small groups of animals (2 
to 3) doubles detection probabilities compared to sightings of single animals (Williams et al. 
2016). This could be a factor at the MDR site as minke whales are more often sighted as singles 
whereas fin and humpbacks are commonly sighted in groups of two or more. Alongside the 
physical and behavioral characteristics, each species spatial preference may also play a role in 
detection probability. In this study both fin and humpback whales were detected significantly 
more frequently in the northeast quadrant than the southeast. This suggests that a biological or 
oceanographic feature in the northeast quadrant may also drive the spatial distribution of each 
species, another factor that may determine detection probability. Anderwald et al. (2012) found 
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that seasonal minke whale habitat use in the eastern North Atlantic was driven by temporally 
variable parameters such as sea surface temperature and chlorophyll, along with depth and 
temperature, but that fine scale habitat use was driven by tidal cycle. All of these factors should 
be considered when interpreting the results of the detection probability data. 
During this study there was a two-fold increase in visual detections of baleen whale in the 
study area from 2015 to 2016, as well as variability in the number of daily detections of each 
species during each study year. Prey availability and concentration is known to drive 
aggregations of large whales (Stevick et al. 2008), and these aggregations are patchy from year 
to year (Mayo and Marx 1990). The MDR site sits roughly at the geographical split between the 
two currents that comprise the Gulf of Maine Coastal Current (GMCC) – the Eastern Maine 
Coastal Current (EMCC), and the Western Maine Coastal Current (WMCC) (Pettigrew et al. 
2005, Brown and Irish 1993). Pettigrew et al. (2005) describe significant inter-annual variation 
in the flow through from the EMCC through to the WMCC, and the southerly flow of the EMCC 
past the MDR region that eventually contributes to the Jordan Basin Gyre. These inter-annual 
fluctuations affect nutrient flow and primary producers, and may affect production at the MDR 
site and subsequent prey distribution. Further investigation with this dataset may benefit from a 
comparison with oceanographic data from the NERACOOS buoys “I” (Eastern Maine Shelf) and 
“M” (Jordan Basin), to determine if nutrient loads or other factors (temperature, salinity) 
correlate with either visual or acoustic detections of cetacean species. The visual and acoustic 
surveys carried out in this study would also be complimented in the future by simultaneous prey 
sampling (Hazen et al. 2009, Friedlander et al. 2009, Doniol-Valcroze 2007, Fiedler et al. 1998). 
Prior passive acoustic studies in the Mount Desert Rock region were focused on the 
acoustic behavior of single species, such as fin whales (Delarue et al. 2009) and right whales 
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(Bort et al. 2015). Delarue et al. (2009) reported on the variations in fin whale 20-Hz pulse inter-
pulse interval (IPI) duration from the MDR region versus the Gulf of St. Lawrence region, 
suggesting that these differences in song structure may be an indicator of stock structure 
partitioning. Cataloging such variations in IPI, as well as note frequency, is a common approach 
to distinguishing stock structures (Castelllote et al. 2012, Thompson et al. 1992, Croll et al. 
2002, Sirovic et al. 2017). Little focus has been placed, however, on the broad-scale patterns of 
long-term bouts first described by Watkins et al. (1982), and outlined briefly in this paper, where 
individuals are producing 20-Hz pulses for regular intervals (~ 12 minutes) with rests (~2 
minutes). Previous studies posit that rests are a function of an animal’s surfacing and the 
physiological need to breathe (McDonald et al. 1995, Watkins et al. 1987), however it is 
uncertain if the broader pattern of 20-Hz bout intervals are meaningful to overall fin whale song 
pattern. Each of the minke whale vocalization types described by Risch et al. (2014) was 
recorded at the MDR site. Minke whale calling bouts were comprised of each of these calls, with 
less of a noticeable pattern than that of fin whales. Multi-hour right whale calling bouts were 
recorded that included each of the known call types, and exhibited some patterns and variation 
between bouts. Bort et al. (2015) reported very high numbers of right whale calls in a region 
roughly 50 km southwest of the MDR study site. These included up-calls and gunshots. No 
review of the other vocalization types (e.g., the low moan and the scream call) was included in 
that study.  
 Visual and passive acoustic survey are both standard techniques for the management of 
whale stocks (Davis et al. 2017, Palka 2012, Van Parijs et al. 2009). The findings of this study 
suggest that the two survey techniques are highly complementary to each other, the combination 
of which resulted in a more precise census. The combined survey results highlight that each 
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species detectabililty may be reliant on a combination of factors including each species physical 
characteristics and behaviors, the local biological and oceanographic conditions, and each 
species vocal repertoire.  
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CHAPTER 2: 
VOCALIZATIONS RECORDED IN THE PRESENCE OF FIN (BALAENOPTERA 
PHYSALUS) AND MINKE (BALAENOPTERA ACUTOROSTRATA) WHALES IN THE 
VICINITY OF MOUNT DESERT ROCK 
 
Abstract 
Fin (Balaenoptera physalus) and minke whales (Balaenoptera acutorostrata) use sound as a 
primary method of communication in a spatially vast, light limited ocean environment. The full 
extent of these acoustic communications are not well understood. Passive acoustic monitoring 
(PAM) allows researchers to eavesdrop on these communications to examine animal presence, 
movements, and behavior. To better understand these species’ vocal repertoire, visual detections 
of fin and minke whales were compared to detections of novel baleen whale vocalizations within 
a collocated five-element acoustic array. A total of five novel vocalizations were identified and 
compared, including short 286 to 448-Hz upsweeps, 498 to 363-Hz and 257 to 164-Hz long 
downsweeps, broadband 415-Hz “whip-cracks”, and suspected fin whale 74 to 34-Hz 
downsweeps. Detailed measurements of each vocalization type were calculated. The 74 to 34-Hz 
downsweeps were found to be statistically associated with fin whales (p = 0.040, Φ = 0.129), 
while all other tests of association were inconclusive. Plotted locations of visually detected fin 
and minke whales showed little overlap with locations of novel vocalizations, which may have 
complicated the statistical test. Non-vocalizing whales and diel periodicity of vocalizations were 
also potential factors. The continued discovery of undocumented vocalization types for federally 
managed species supports the need for simultaneous visual and passive acoustic survey, as well 
as standardized strategies for properly attributing novel vocalizations to species.  
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Introduction 
Fin and minke whales are seasonal residents in the Gulf of Maine, an important feeding ground 
in the western North Atlantic Ocean in the spring, summer, and fall months where individuals 
forage on a mixture of herring, sand lance, and krill (Clapham et al. 1993, Durbin 1995, Agler 
1992, Katona et al. 1983). Both fin and minke whales, like all baleen whales, communicate by 
producing low-frequency vocalizations (Clark et al. 2002, Croll et al. 2002, Watkins et al. 1987). 
Certain vocalization types produced by these animals, such as the fin whale 20-Hz pulse (Edds 
1988, Watkins et al. 1987), and the pulse trains of minke whales (Risch et al. 2014), are well 
documented in the western North Atlantic. For baleen whales in general, recording these types of 
communications can be an effective technique to determine occurrence (Stafford et al. 2007, 
George et al. 2004), habitat use (Croll et al. 2002), and behavior (Stimpert et al. 2007). This 
passive acoustic monitoring (PAM) of animal sounds using hydrophones and recorders is now a 
practical and widely used method for the remote monitoring of cetaceans (Van Parijs et al. 2009, 
Mellinger et al. 2007). These studies are particularly useful for baleen whales as vast habitat 
ranges and dynamic weather conditions can make visual surveys for these species difficult. 
However, a persistent challenge for PAM studies is correctly identifying what species are 
producing sounds in a given data set (Sousa-Lima et al. 2013, Van Parijs et al., 2009, 
Baumgartner et al. 2008). Contemporary PAM studies are often conducted without 
accompanying visual survey, resulting in no confirmation of what species are present in the 
acoustic study space, and a lack of opportunity to attribute any newly discovered vocalizations to 
species.  
To truly determine the vocal repertoire of cetaceans there must be associations made 
between the presence of species and the presence of vocalizations on fine spatiotemporal scales. 
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This process may take the form of tagging animals with acoustic recorders (Dunn et al. 2015, 
Owen et al. 2015, Zimmer et al. 2005) or conducting close focal follows of individuals with 
single hydrophones (Parks et al. 2014, Quick et al. 2008). Multiple acoustic sensors can also be 
deployed in an array to enable time-difference-of-arrival (TDOA) methods to calculate the 2D 
location of vocalizing animals (Watkins and Schevill 1971, Cummings 1968). Individual animals 
that vocalize frequently can be tracked by following the spatial patterns of vocalization locations 
over time (Stanistreet et al. 2013, Clark et al. 1996, Patterson and Hamilton 1964, Walker 1963). 
Combining acoustic localization with concurrent visual observations to spatiotemporally align 
sighted species with the vocalizations they produce has also been shown to be an effective 
method to attribute vocalizations to species (Baumgartner et al. 2008, Rankin and Barlow 2005). 
This study used a similar approach to compare visual detections of fin and minke whales with 
co-occurring novel vocalizations. 
Along with fin and minke whales, the western North Atlantic Ocean supports seasonal 
groups of humpback (Megaptera novaeangliae), right (Eubalaena glacialis), and sei 
(Balaenoptera borealis) whales (Waring et al. 2015, Katona et al. 1983). Each of these co-
occurring species has specific vocalizations that must be considered when conducting passive 
acoustic analysis. Of these five Gulf of Maine baleen whale species, the extent of the acoustic 
repertoire of the humpback, a gregarious vocalizer, and the right whale, a critically endangered 
species, are well studied (Au et al. 2006, Helweg et al. 1992, Payne and McVay 1971, Winn and 
Winn 1978). The repertoire of fin and minke whales are less well understood. In all of their 
habitat ranges worldwide, including the Gulf of Maine, fin whales produce stereotyped pulse 
vocalizations in the 20 to 40-Hz range, with some variation in frequency and inter-pulse interval 
(IPI), depending upon season and geographic space (Morano et al. 2012, Clark et al. 2002, Edds 
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1988, Watkins et al. 1987). The 20-Hz vocalization has been hypothesized to function as both a 
mating display (song) (Croll et al. 2002) and a social sound (Edds-Walton 1997, McDonald et al. 
1995,). Fin whales have also been reported to produce downsweeps in the 75 to 40 Hz range (Ou 
et al. 2015, Watkins et al. 1982), however detailed data regarding vocalizations other than the 
20-Hz pulses are minimal. The most prevalent and well-documented vocalization types for 
minke whales in the North Atlantic are variations of low-frequency pulse trains existing within 
three categories (slow-down, constant, and speed-up) (Risch et al. 2014). There are also reports 
of 5 to 6 kHz clicks (Beamish and Mitchell 1973) and lower frequency 118 to 80-Hz 
downsweeps (Edds 2000), but these sounds are not well documented. 
The goal of this study was to catalog and describe novel vocalizations that co-occurred 
with confirmed visual detections of fin and minke whales, and to examine these associations 
statistically. The locations of both visually detected whales and novel vocalizations were also 
compared. 
 
Methods 
Visual and Acoustic Surveys 
Access to visual observations of baleen whales in the Gulf of Maine is generally restricted to 
boat-based surveys. One exception is the Mount Desert Rock marine research station (MDR), a 
small, treeless island situated 50 km due south of Bar Harbor, Maine (Figure 2-1) that offers 
elevated viewing from a lighthouse and living quarters. MDR is the most remote lighthouse 
station on the eastern seaboard of the United States and functions as a marine research  
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Figure 2-1. Map of the Mount Desert Rock (MDR) Marine Research Station, situated in the Gulf 
of Maine, USA. MDR is a 3.5-acre island with a lighthouse station owned and operated by the 
College of the Atlantic (Bar Harbor, Maine). The MDR station has been used as a whale and 
scientific research facility since the early 1970’s. 
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station for the College of the Atlantic (COA) in the summer months. In the Gulf of Maine, the 
MDR lighthouse is an unparalleled elevated and unobstructed viewing platform for land-based 
baleen whale surveys. The MDR station has long been long utilized as an outpost for the photo-
identification, biopsy, and acoustic studies of multiple cetacean species (Katona et al. 1983, 
Delarue et al. 2009, Bort et al. 2015). For this project, concurrent visual and passive acoustic 
surveys were conducted at the MDR site from July – October in 2015 and 2016 in the waters east 
and adjacent to the island (Figure 2-2). The visual survey followed observation protocols 
developed for the Atlantic Marine Assessment Program for Protected Species (AMAPPS) 
shipboard and aerial surveys, a broad-scale cetacean census conducted by the Northeast Fisheries 
Science Center (NEFSC), Woods Hole, MA (Palka 2012). Observations of baleen whales were 
made using two sets of Fujinon MT-50 “big-eyes” binoculars (25 x 150) mounted on the east 
side of the MDR lighthouse tower catwalk (Palka 2012, Moore et al. 2002) (Figure 2). The 
binocular lenses were 21.6 m above mean sea level resulting in a maximum viewing range to the 
horizon of 16.6 km (9 nautical miles). Binocular locations were determined to within a meter 
using a Trimble GPS, and binocular accuracy (error) was determined by sighting known objects 
(vessels, buoys) at known locations and comparing with locations estimated with the binoculars. 
Whale detections were recorded and mapped using VisSurvey software (Palka 2012). All 
observations in the viewing space were cataloged, however statistical tests were performed only 
on observations that occurred within the acoustic array space.  
Daily surveys included 30-minute shifts at each of three stations (northeast binocular, 
center data recorder, southeast binocular) with a stepped rotation through each station. Each  
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Figure 2-2. Diagram of the survey space relative to the Mount Desert Rock marine research 
station. Two observers (left and right) would simultaneously record the sightings of baleen 
whales in each respective quadrant (northeast and southwest) using big eyes binoculars. 
Concurrent passive acoustic monitoring was collected using a recorder array (circles).  
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station was manned by an observer at all times when on effort, and each observer was afforded a 
1+ hour break after a full rotation (1.5 hr).  All observers who participated in this study were 
trained and experienced in baleen whale identification. The survey was focused on a box roughly 
9 kilometers square, centered due east of MDR (Figure 2-2), and situated where historic survey 
data suggested the highest seasonal baleen whale activity occurred relative to the island. All 
cetacean sightings were logged during daylight hours (~0600-1900 EST) and in weather 
conditions < Beaufort 4. 
Passive acoustic monitoring data were collected from July – October 2015 and 2016 
using five archival Marine Autonomous Recording Units (MARUs) from the Bioacoustics 
Research Program (BRP) at Cornell University (provided by the NEFSC). The MARUs were 
deployed in a square array with one sensor at each corner of the box and one sensor in the center 
(Figure 2-2). The MARU recorder was housed in an 18” glass sphere and features an external 
HTI 94-SSQ hydrophone, -168 dB re: 1 V/ 1 µPa sensitivity, 23.5 dB gain, and a 12-bit A/D 
converter (Calupca et al. 2000). Each MARU was tethered to a bottom anchor allowing it to float 
2m above the sea floor, and was recovered at the end of the deployment using an acoustic 
release. For this project, each MARU unit recorded continuous audio to flash memory at an 8 
kHz sampling rate, designed to sample the majority of the expected baleen whale vocalization 
frequency range. Sound data files (.aiff) collected using this MARU array was time-synchronized 
pre- and post-deployment with GPS time. Finalized data recordings were synchronized to ±1 ms 
and merged together to create a multi-channel acoustic files, allowing for the localization of 
sounds within the five-element array. 
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Visual and Acoustic Detection Comparisons 
Only days when visual detections of minke whales or fin whales (or both) occurred were 
considered for this analysis. Days with visual detections of humpbacks were purposefully 
excluded from the analysis. Audio from the 17 days with the highest number of minke and fin 
whale visual detections were manually analyzed for baleen whale vocalizations using Raven Pro 
2.0 software (Bioacoustics Research Program 2017). Biological sounds that arrived on three or 
more MARUs were selected for analysis, as these would allow for subsequent localization. Only 
calls not previously well described in the literature were categorized and organized into a 
candidate vocalization library† (Stafford et al. 1999). Each novel vocalization type was given a 
sequential letter code identifier (A, B, C, etc.).  
Two tests were performed to compare the presence of each whale species (fin and minke) 
and the presence of novel vocalizations. The first test compared the occurrence of whales and 
vocalizations only located within the acoustic array (within array), and the second compared all 
vocalizations and whales seen regardless of location, i.e., in and outside of the PAM array (all 
data). For the within array test, vocalization locations were calculated using the correlation sum 
estimator (CSE) locator tool within Raven 2.0. The accuracy of the locator tool was quantified 
by conducting boat-based playbacks of synthetic sweeps over the acoustic array at known 
locations, finding these acoustic signals in the data set using Raven, and calculating the location 
of the sweeps using the CSE locator tool. Positions of the sweeps calculated by the locator tool 
were compared to the known playback location to determine an error rate. 
For each test, all candidate vocalizations cataloged and located from all days of processed 
audio were compiled hourly with corresponding visual data. These data were coded for the 
                                                
† Known vocalizations were also logged and categorized but were not considered in the 
comparative analysis. 
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presence of one of four possible conditions for each vocalization type and per species (fin and 
minke whales). These conditions were whale detection and vocalization detection present, 
vocalization detection present and whale detection absent, whale detection present and 
vocalization detection absent, and whale detection absent and vocalization absent. For every hour 
of data collected the condition observed was given a value of one, even if the vocalization or 
animal was detected or sighted more than once in that hour. These values were compiled using 
two-way contingency tables (Baumgartner et al. 2008) (Table 2-2). A one-tailed Fisher’s exact 
test of independence was applied to these data to determine if vocalizations that occurred were 
dependent upon species presence (p ≤ 0.05) and a Cramer’s V coefficient of associations were 
used to determine strength of association (Φ) between a particular vocalization and species 
(Baumgartner et al. 2008, Sokal and Rohlf 1995). 
 
Vocalization Measurements 
One hundred examples of each novel vocalization were examined to determine mean 
vocalization characteristics. Measurements of vocalization characteristics included: establishing 
the low end of the vocalization frequency (frequency 5%), the upper end of the vocalization 
frequency (frequency 95%), the middle of the vocalization frequency (center frequency), the 
length of the vocalization (s) (duration 90%), and the frequency at which the highest amplitude 
occurred (peak frequency). The mean of all measurements for all vocalizations is reported to 
determine the stereotyped vocalization characteristics. These measurements were completed 
using native measurement toolboxes in Raven 2.0 (Window = Hann, FFT – variable dependent 
upon vocalization type). 
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Spatial Density Comparisons 
Locations of novel vocalizations were assessed relative to the positions of visually detected 
whales in the survey space. Only in array localized vocalizations were used for these 
assessments. Heat maps depicting the density of each vocalization type within the acoustic array 
were generated using the ‘spatstat’ and ‘raster’ package in R Studio 1.0.147. Heat maps were 
plotted and overlaid with visual detections of fin and minke whales from corresponding days. 
Maps were built using ArcGIS 9. 
 
Results 
Visual and acoustic survey 
In 2015 four MARUs recorded continuously for 82 days (1,968 hrs), and in 2016 five MARU 
recorded for 84 days (2,016 hrs), for a total of 166 days (3,984 hours) of acoustic data. The fifth 
MARU failed to record in 2015. Visual surveys occurred simultaneously with passive acoustic 
data collection, but were dependent upon observer availability, weather, and daylight. Of the 166 
days of passive acoustic data collection, visual data collection was conducted concurrently on 98 
days (1,019 hours). The top 17 days with the highest number of fin and minke whale visual 
detections were compared hourly with the vocalization results from the simultaneous 24 hr/day 
passive acoustic monitoring data. Within this dataset fin whales were sighted during 17 days 
(across 100 hrs), and minke whales were sighted during 15 days (across 69 hrs) (Figure 2-3)
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Figure 2-3. Daily occurrence of visual survey effort, fin and minke whale detection, and 
detection of call types (A – E) from the top 17 days of fin and minke whale visual detections in 
2015 and 2016. Area in light gray represent hours when no visual effort occurred. Red boxes 
represent an hour when a corresponding visual sighting or vocalization event occurred. Red 
“vocalization” boxes in white areas represent hours when a vocalization event and visual effort 
co-occurred. These instances represent the data utilized in the Fisher’s Exact test of dependence 
and coefficient of association examination. 
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Novel Vocalizations 
Five stereotyped vocalizations that were under-represented or not represented in scientific 
literature were cataloged from the 17 days of acoustic data (Figure 3). Type “A” were  74 to 34-
Hz downsweeps. Type A were similar to calls categorized as fin whale calls in other studies, 
particularly by Watkins (1982) (Ou et al. 2015; Delarue et al. 2009). Type “B” were 286 to 448-
Hz upsweep vocalizations, short in duration, and often arriving in pairs or triplets. This suite of 
vocalizations was initially categorized into three different groups based on peak frequecies of 
300-Hz, 355-Hz, and 420-Hz, but were consistent in structure and pattern, and were considered 
the same type for the association analysis. Type “C” was a high amplitude, 415-Hz peak 
frequency “whip-crack”, similar to a right whale gunshot vocalization (Parks 2003). Type D and 
E vocalizations were both long downsweeps, with peak frequencies of 430-Hz and 205-Hz 
respectively. Detailed measurements of each vocalization type were performed in Raven 2.0 
based on 100 examples, except for Type D (n=66) (Table 2-1). 
 
Species Presence/Absence Statistical Analyses 
Type A vocalizations were found to be significantly dependent upon the presence of fin whales 
for both the in array test (p = 0.040, Φ = 0.129) and the all data test (p = 0.025, Φ = 0.143). 
Among All Data Type B and C vocalizations each co-occurred with the presence of fin whales 
more often (B=58, C=37) than not (B=47, C=28), but in each of the two-way tests the 
vocalizations were absent when whales were present more often than not, which contributed to 
the non-significant result (Table 2-2).  
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Figure 2-4. Five novel stereotyped vocalizations recorded during the top 17 days of fin and 
minke whale visual detections. Type A is a suspected fin whale 74 to 34-Hz downsweep, Type B 
is a 268 to 448-Hz short upsweep, Type C is a 415-Hz “whip crack”, Type D is a 498 to 363-Hz 
long downsweep, and Type E is a 257 to 164-Hz long downsweep. 
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Table 2-1. Measurements of Center Frequency (Hz), Duration 90% (s), Frequency 5% (Hz), 
Frequency 95% (Hz), and Peak Frequency (Hz) performed on the five novel vocalization types 
(A –E).  
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Spatial Density Estimation 
Heat maps depicting the density of all of the located novel vocalizations by type for the study 
period show they occurred more frequently in the eastern half of the acoustic array (Figure 2-5). 
Locations of all visually detected fin and minke whales from the study period overlaid with the 
heat maps showed very little overlap with the density of vocalizations (Figure 2-5), including the 
density of Type A (74 to 34-Hz downsweeps), the only call to be found statistically associated 
with detections of fin whales. 
 
Diel Calling Patterns 
Analysis of the diel occurrence of each novel vocalization found that Type A (74 to 34-Hz 
downsweeps) predominantly occurred in the evening between 19:00 – 23:00, where Type B (268 
to 448-Hz upsweep) occurred in the early morning hours ~6:00 to 7:00 (Figure 2-7). Type C 
(415-Hz “Whip Crack”) was split between morning (06:00) and evening (19:00), and Type D 
(498 to 363-Hz downsweeps) and E (257 to 164-Hz downsweeps) both occurred between 20:00 
and 03:00. 
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Table 2-2. Two-way contingency table results from Fisher’s exact test of dependence and 
Cramer’s V coefficient of association performed on the set of novel vocalizations (A – E) 
recorded in the presence of fin and minke whales. The first column represents tests performed on 
data captured within the acoustic array space (in array), and the second column represents tests 
performed on all data. Call “A” was found to be significantly dependent upon the presence of fin 
whales. The remaining tests were inconclusive. 
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Figure 2-5. Heat maps showing the density of all vocalization by type (A, B, and C) overlaid 
with all locations of co-occurring fin and minke whales from the study period. Only type A, B, 
and C sample sizes were sufficient for density mapping. Density maps generated using package 
“spatstat” and “raster” in R-Studio 1.0.143 and plotted in ArcGIS 9.0. 
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Figure 2-6. Twenty-four hour radar plots showing diel patterns of the five novel vocalizations 
profiled in this study (Types A – E). Type A predominantly occurs in the evening between 19:00 
– 23:00, whereas Type B occurs in the early morning hours ~6:00 to 7:00. Type C is split 
between morning (06:00) and evening (19:00). Type D and E, both long downsweeps, 430-Hz 
and 205-Hz respectively, both occur between 20:00 and 03:00. 
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Discussion 
The Type A (74 to 34-Hz downsweep) were found to be statistically associated with the presence 
of fin whales. The type A vocalization has only been described in in the field by Watkins (1982) 
from tracking radio-tagged (tracked) whales and drop hydrophones. While referenced in 
subsequent studies (Ou et al. 2015, Edds 1988) this study is the first to statistically associate 
these downsweeps to fin whales using located sounds from a multi-element acoustic array, and to 
offer detailed measurements of the vocalization. Watkins (1982) noted that higher frequency fin 
whale calls were typically associated with individual whales in close proximity to one another, in 
comparison to the standard 20-Hz pulse vocalizations associated with fin whale song (Morano et 
al. 2012, Delarue et al. 2009), which are often produced by lone individuals presumed to be 
communicating over long distances (Watkins 1982). These behavioral contexts are important 
when considering how to interpret acoustic data sets, particularly any assumptions about species 
presence or absence based on the types of vocalizations that are searched for or found. Ou et al. 
(2015) noted the difficulty in distinguishing baleen whale downsweeps in these frequency 
ranges, as fin, minke, sei, and blue whales all produce similar sounds. This highlights the need 
for precise measurements and direct observations.  
The Type B (286 to 448-Hz upsweep) vocalizations are interesting in that they are highly 
stereotyped, ubiquitous throughout the dataset and are unlike previous documented call types for 
either species in this region. The presence of this vocalization was not statistically associated 
with visual detection of either species. Minke whales do exhibit vocalizations in the Type B 
frequency ranges in other ocean basins, including the “boing”, “star wars”, and “bioduck” 
vocalizations (Erbe et al. 2017, Martin et al. 2013, Gedamke et al. 2001). The characteristics of 
these minke vocalizations are, however, quite different than the Type B up-sweep vocalization. 
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Fin whales are not known to vocalize regularly in the Type B frequency band, however the all 
data contingency table results reveal that this vocalization did occur during more hours when fin 
whales were present than not (n=58 present to 47 not present). This scenario highlights a 
potential violation of assumption of the contingency table test. If a whale is present and sighted 
within an hour and not producing the vocalization being tested, it will count against the 
association, as it is present but not being recorded. This may have affected the Type B exact test 
result for fin whales. 
There are other assumptions of the contingency table data that should be considered when 
examining the exact test results. First is the variability in detection probability. While fin and 
minke whales were shown to have similar detection probability curves, fin whales were detected 
at greater distances than minke (Chapter 1, Figure 1-6). Minke whales are likely the most 
difficult baleen whale species to identify from the field station observation platform based on 
their small size, lack of visible blow, and sporadic surfacings. It is feasible that observers missed 
times when animals were present, particularly at the fringes of the observation space, or during 
poor weather. With that noted, visual detections of minke and fin whales were comparable 
through this study (minke = 790, fin = 811).  
Another assumption was that only fin and minke whale were present in the survey space 
when novel vocalizations were recorded. The acoustic and visual analyses described here were 
conducted specifically on days when humpback whales were not visually detected in the study 
area. While it is possible that observers missed visual detections of humpback whales during 
these times, it is assumed such incidents were rare as humpbacks are likely the most identifiable 
baleen whale species in this region due to their large profile, dark color, prominent dorsal fin and 
pectoral fins, and frequent charismatic behavior (Katona 1983). Humpback whales had a greater 
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probability of being detected across more distances, and at greater distances, than fin or minke 
whales (Chapter 1, Figure 1-6). It is assumed to be unlikely that professional observers would 
miss humpback whales consistently enough to bias the statistical analysis. Humpback whales are 
also gregarious vocalizers, with frequent vocal patterns that are readily identifiable in acoustic 
data sets (Helweg et al. 1992, Winn and Winn 1978, Payne and McVay 1971). Such 
vocalizations were not found in temporal proximity to the novel vocalizations examined in this 
study. A primary criterion for cataloging potential whale vocalizations was that the same 
vocalization was present on three or more acoustic sensors, the assumption being that other 
marine species do not produce vocalizations at sufficient amplitude to be recorded over such 
long distances (3.5 to 5.5 km). However recent studies have shown that some breeding 
vocalizations of harbor seals may reach 129 to 149 dBRMS re 1 lPa (Matthews et al. 2017), so it 
is feasible that seals may be responsible for some undocumented sounds recorded and cataloged 
during this project. 
Vocalization spatial distribution was not homogeneous through the survey space (Figure 
2-5). In particular, all vocalization types were more densely located in the eastern half of the 
survey space. From the visual data we know that fin and minke whales were visually detected in 
the western portion of the array, so it is not clear why there would not also be a similar density of 
vocalizations detected in the western portion of the array. The stability of sound waves is 
particularly susceptible to the affect of bathymetry and fluid dynamics in shallow water systems 
(Kuperman and Lynch 2004), which could be a factor as the depth decreases towards the island 
research station. However synthetic calibration sweeps played across the western portion of the 
array were successfully recorded and located without issue.  
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The use of sound for baleen whale mating displays (song) has been well documented 
(Payne and Guinee 1983, Watkins 1987), however the function of many vocalizations produced 
while on the feeding grounds are not well understood. Humpback whales are known to produce 
“megapclick” buzz vocalizations during coordinated feeding events (Stimpert et al. 2007), and 
the fin whale 20-Hz pulse has been proposed to be used as both a mating display and a method 
for male fin whales to attract females to prey aggregations (Croll et al. 2002, McDonald et al. 
1995). As noted earlier, the fin whale Type A 74 to 34-Hz call has been recorded on feeding 
grounds in Cape Cod (Watkins 1982) and the Gulf of St. Lawrence, in Canada (Edds 1988). Fin 
and minke whales aggregating at Mount Desert Rock are often observed feeding (personal 
observation) and the Type B up-sweep vocalization may be related to such behavior, 
representing individuals that keep in contact during or in-between feeding bouts. This study’s 
project design would benefit greatly from the addition of prey mapping, bottom mapping, and 
oceanographic sampling to determine if those factors drive baleen whale species composition 
and vocal activity.  
Passive acoustic monitoring is now a standard practice for the management of marine 
mammal species, particularly in the western North Atlantic Ocean (Davis et al. 2017, Van Parijs 
et al. 2009, McDonald and Fox 1999). The effectiveness of this management strategy hinges on 
the continued investigation of each species’ repertoire. As this study shows, acoustic datasets 
collected in areas of high baleen whale concentrations are often rife with biological sounds that 
are not attributed to a specific species. The few vocalizations reported here were a subset of the 
full catalog of undocumented vocalizations cataloged in the MDR dataset. This study highlights 
the importance of gathering concurrent acoustic and visual surveys, but also the difficulties in 
properly attributing calls to species.  
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APPENDICES 
APPENDIX A:  
VISUAL DETECTIONS OF ODONTOCETES AND LARGE FISH IN THE VICINITY 
OF MOUNT DESERT ROCK 
 
The 2015 to 2016 visual survey reported on in Chapter 1 included numerous detections of 
odontocetes (toothed whales) and large fish. Odontocete detections included harbor porpoise 
(Phocoena phocoena), Atlantic white-sided dolphin (Lagenorhynchus acutus), and pilot whales 
(Globicephala spp.). Large fish detections included basking shark (Cetorhinus maximus), and 
tuna (Thunnus spp.). Detections of these species were gathered using the methods outlined in 
Chapter 1. Data are compiled here for the 2015 (Figure 3-1) and 2016 (Figure 3-2) field seasons. 
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Figure 3-1. Daily and annual visual detections of dolphin and large fish species in the vicinity of 
Mount Desert Rock in 2015. Number of hours per day of observer effort are depicted in the top 
panel. Detection data are reported as the number of detections per day.   
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Figure 3-2. Daily and annual visual detections of dolphin and large fish species in the vicinity of 
Mount Desert Rock in 2016. Number of hours per day of observer effort are depicted in the top 
panel. Detection data are reported as the number of detections per day.  
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APPENDIX B:  
SURVEY CALIBRATION DATA 
Data collected from the passive acoustic and visual surveys were used to determine the location 
of observed and acoustically detected whales. For each survey type a combination of field 
equipment and software was used to calculate those positions. Visual survey positions were 
calculated using the Big Eyes binoculars and VisSurvey software (Palka 2012). The passive 
acoustic survey positions were calculated using the underwater acoustic recorders (MARUs) and 
a locator tool within Raven 2.0 software (Cornell Bioacoustics Research Program 2017, Calupca 
2000).  
To determine the error rate associated with each of these methods simulated events were 
introduced at field site at known positions. These events were detected using each survey type 
and a calculated location was determined. For the visual survey a vessel was moved throughout 
the survey space and stopped at several locations. Once stopped, observers on watch at MDR 
located the vessel using the Big Eyes binoculars and logged the data to VisSurvey, which 
calculated the vessel position. For the passive acoustic survey a vessel was also moved 
throughout the survey space and stopped at different locations. At each site the location of the 
vessel was noted and a Lubell underwater speaker was lowered to 10 meters depth. A series of 
underwater acoustic sweeps were played using this speaker from a laptop and amplifier on board 
the vessel, and these sweeps were recorded on the underwater MARU acoustic recorders. When 
the acoustic data were retrieved from the MARUs at the end of the field project, the acoustic 
sweeps were found within the data set using Raven 2.0 software. The CSE locator tool within 
Raven was then used to determine the location of the vessel where the sweep was played. In each 
case the calculated locations were compared to the actual location of the event. The discrepancy 
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between the distance (meters) and angle (degree) of the actual location and the calculated 
location were reported as the error rate (Table 1, Table 2). 
 
 
Table 3-1. Results of the Big Eyes calibration exercises carried out in 2016. 
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Table 3-2. Results of the passive acoustic array calibration exercises carried out in 2015 and 
2016. 
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